tRNA-NTs (tRNA nucleotidyltransferases) are required for the maturation or repair of tRNAs by ensuring that they have an intact cytidine-cytidine-adenosine sequence at their 3 -termini. Therefore this enzymatic activity is found in all cellular compartments, namely the nucleus, cytoplasm, plastids and mitochondria, in which tRNA synthesis or translation occurs. A single gene codes for tRNA-NT in plants, suggesting a complex targeting mechanism. Consistent with this, distinct signals have been proposed for plastidic, mitochondrial and nuclear targeting. Our previous research has shown that in addition to N-terminal targeting information, the mature domain of the protein itself modifies targeting to mitochondria and plastids. This suggests the existence of an as yet unknown determinate for the distribution of dual-targeted proteins between these two organelles. In the present study, we explore the enzymatic and physicochemical properties of tRNA-NT variants to correlate the properties of the enzyme with the intracellular distribution of the protein. We show that alteration of tRNA-NT stability influences its intracellular distribution due to variations in organelle import capacities. Hence the fate of the protein is determined not only by the transit peptide sequence, but also by the physicochemical properties of the mature protein.
INTRODUCTION
Protein synthesis in plants is compartmentalized and takes place in the cytosol, plastids and mitochondria. Although eukaryotictype ribosomes are used in the cytosol and prokaryotic-type ribosomes are used in plastids and mitochondria, some features of the translational machinery are conserved. The requirement for tRNAs for translation represents one of these universal features. Whether the tRNAs are encoded by the nuclear genome, or by the plastidic or mitochondrial genomes [1] , they must be processed and modified [2] to function in protein synthesis. One essential modification is the addition of the 3 -terminal CCA (cytidine-cytidine-adenosine) 5 sequence which is required for aminoacylation [3, 4] . As no plant tRNA genes encode this sequence [1] , it must be added post-transcriptionally. The CCAadding enzymes found in plants belong to the class II tRNA-NT (tRNA nucleotidyltransferase) family. They are composed of four regions, the N-terminal head domain, the neck domain, the body region and the C-terminal tail ( Figure 1A ) [5] .
A tRNA-NT enzyme is required in the translationally active compartments, namely the cytosol, mitochondrion and, in plants, the plastids. Moreover, there also are nuclear pools of tRNA-NT thought to be involved in the maturation of cytosolic tRNAs in yeast and mammals [2] . This nuclear CCA addition may serve as a quality-control point prior to the export of mature tRNAs to the cytosol (e.g. [6, 7] ). The nuclear localization of tRNA-NT also might reflect a function of this enzyme as a nucleus/cytosolshuttling protein involved in tRNA transport [8] . In the cytosol tRNA-NT is thought to catalyse the repair of damaged CCA sequences [9] , but may have an additional role in quality control.
Recent studies indicate that tRNA-NT may recognize tRNAs with flexible acceptor stems and guanosines at the first and second positions and add a CCACCA sequence to their 3 -termini, thereby facilitating their entry into the rapid tRNA decay pathway [10] .
To distribute tRNA-NT between organelles and the cytosol, multiple isoforms of the protein are synthesized from a single gene in fungi [11] [12] [13] , mammals [14, 15] and plants [16, 17] . As such these tRNA-NTs are representative of a group of enzymes designated sorting isoenzymes [18] , whose prevalence is greater than initially expected (e.g. [19] ). Other prominent examples of sorting isoenzymes include other nuclear-encoded tRNAmodifying enzymes [20] and the aminoacyl-tRNA synthetases [21] . Typically, these sorting isoenzymes are generated by alternative use of multiple transcription start sites and multiple in-frame start codons which give rise to long variants with Nterminal mitochondrial and/or plastid transit peptides and shorter variants with cytosolic and/or nuclear functions.
We previously demonstrated that different isoforms of Arabidopsis thaliana tRNA-NT can be synthesized either with or without an N-terminal region containing the mitochondrial and plastid targeting information and that differential use of the first two in-frame ATGs could give rise to two sizes of transit peptides of differing intracellular distributions in onion cells [17] . While proteins with the longer N-terminal signal were targeted to both mitochondria and plastids, proteins with the shorter Nterminal signal were preferentially targeted to plastids. A similar pattern of localization had been observed for the dual-targeted glutathione reductase [22] . These observations, however, might reflect that the signal for efficient plastid translocation can be shorter than the minimal length required for mitochondrial import 
thaliana tRNA-NT and variants
(A) The X-ray structure of Thermotoga maritima CCA (PDB code 3H37 [5] ) is shown in ribbon representation with a tRNA (from Aquifex aeolicus PDB code 1VFG [35] ) positioned based on the structural alignment of 1VFG with 3H37 (as shown in Supplementary Figure S2 at http://www. biochemj.org/bj/453/bj4530401add.htm). The position of the T-arm and the acceptor arm are indicated. Regions in the tRNA and protein not solved in the corresponding crystal structures are indicated by magenta dots. In the structure the positions of Mat-Mu1 and Mat-Mu2 (dark blue) and the recognized parts of the PFAM domains are indicated (red, PolyA_pol; yellow, PolyA_polRNAbd; blue, tRNA_NucTran2_2/HD). The use of 3H37 for visualization of the A. thaliana protein motifs was justified by fold recognition (Supplementary Table S3 at http://www. biochemj.org/bj/453/bj4530401add.htm). (B) The various versions of tRNA-NT used in the present study are depicted as coloured bars showing the mature domain translated from the third methionine residue in red, the additional region translated from the second methionine residue in orange and the additional region translated from the first methionine residue in yellow. Mat-Mu1 and Mat-Mu2 where amino acid substitutions were made are shown in green and blue respectively. Coloured regions are not drawn to scale. The amino acid sequence of Mat-Mu1 and Mat-Mu2, as well as the amino acids changed, are indicated. [23, 24] . Remarkably, in addition to a requirement for the Nterminal domain for mitochondrial and plastid import, the mature domain of Arabidopsis tRNA-NT also influenced the distribution of this protein. The presence of the mature domain in addition to the N-terminal region shifted the localization of the linked GFP reporter away from plastids and towards mitochondria [17] . Intriguingly, a variant of the mature domain bearing amino acid substitutions within its C-terminal region lost this preference for mitochondrial targeting and was directed to plastids [17] . Given previous observations of unfolding and plastid import [24] , the distinct translocation behaviour of the protein might reflect a difference in stability between the native and variant mature domains.
To address how the physicochemical properties of the mature domain affect the targeting of Arabidopsis tRNA-NT to mitochondria and plastids, we analysed the structure, stability and tRNA binding of the native and variant proteins in the context of intracellular localization. We show that, for tRNA-NT, targeting is influenced by changes in protein stability. Furthermore, by using the tRNA-NT N-terminal targeting signal fused to Titin-I27 or GFP, we show that the distribution of proteins in the cell is defined, in part, by the portion of the protein following the targeting signal and not just by the targeting signal.
EXPERIMENTAL

Plasmid construction and plasmid shuffling
Plasmids used in the present study have been generated by standard techniques as outlined in the Supplementary Online Data (at http://www.biochemj.org/bj/453/bj4530401add.htm). All yeast manipulations were carried out by standard techniques as outlined in the Supplementary Online Data.
Expression and purification of tRNA-NT
Proteins were expressed in Escherichia coli BL21(DE3) cells as described by Shan et al. [25] , except that cells were induced with 0.02 % D-lactose and 0.5 mM IPTG at 19
• C for 16-20 h. Cells were harvested by centrifugation (6000 g for 15 min at 4
• C), stored at − 80
• C for a minimum of 1 h, and frozen pellets were thawed on ice and resuspended in ice-cold lysis buffer (PBS plus 1 mM EDTA) at 2 ml/g of cell pellet prior to lysis in a French Pressure Cell press (Thermospectonic). Cleared lysate was cycled through glutathione-Sepharose fast-flow 4B resin (GE Healthcare or Gold Biotechnology USA) overnight (4
• C at 1 ml/min). The column was washed and the protein eluted with 15 mM reduced glutathione, 50 mM Tris/HCl (pH 8.3), 140 mM NaCl and 2.5 mM CaCl 2 . Fractions of interest were digested (5 units/mg) with thrombin (2188 NIH units/mg; GE Healthcare) while being dialysed overnight (8 kDa dialysis bag) at 4
• C in 50 mM Tris/HCl (pH 8.3), 140 mM NaCl and 2.5 mM CaCl 2 to eliminate glutathione. Protein was passed three times through a glutathione-Sepharose fast-flow 4B column to remove the GST tag and dialysed against PBS (50 kDa dialysis bag) to remove the remaining thrombin and to exchange buffer.
Biophysical characterization of tRNA-NT
UV-visible spectroscopy
The UV-visible spectra (200-400 nm) were collected using the Varian Cary 100 Bio UV-Visible Spectrophotometer using a 1.0 cm quartz cuvette. The approximate amount of tRNA in any sample was calculated using the molar absorption coefficient of 2.22×10 − 2 ml · μg − 1 · cm − 1 at A 260 for tRNA. To remove nucleic acid that co-purified with the proteins of interest, RNaseA (>60 Kunitz units/mg of protein; BioShop Canada) was added (30 ng of RNaseA/ml of protein solution). The RNaseA was removed by extensive dialysis against PBS as described above and the efficient removal was confirmed by the stability of an added radiolabelled tRNA template.
CD spectroscopy
Far-UV CD spectra (185-280 nm) were recorded on a Jasco-815 CD spectropolarimeter under a constant nitrogen flow in a 0.1 or 0.2 cm cell, using a protein concentration of 0.1-0.3 mg/ml in PBS (pH 7.4), accumulated over five scans and buffer-corrected for those signals. A bandwidth of 1 nm, a response time of 0.25 s, a data pitch of 0.2 nm and a scanning speed of 20 nm/min were used. Before measurements, samples were centrifuged (16 000 g for 5 min at 4
• C). The data obtained were smoothed using the Spectra Analysis program (Jasco). The CD spectrum for tRNA was recorded as for the protein.
Thermal denaturation
Thermal denaturation was monitored by CD in a 0.2 cm cell using protein concentrations of 0.1-0.3 mg/ml in phosphate buffer (pH 7.4). The Variable Temperature program (Jasco) was used (222 nm, standard sensitivity) with standard settings and a data pitch of 0.2
• C. The rate was 25
• C/h with start and end temperatures of 25
• C and 90 • C respectively.
Fluorescence measurements
Intrinsic fluorescence of the proteins (1.2 or 0.8 μM) was measured in PBS (pH 7.4) and 10 % glycerol using the Varian Cary Eclipse Fluorescence Spectrophotometer with a 1 cm path length. After excitation at 280 or 295 nm, emission spectra were recorded in the range 310-400 nm with a scan rate of 10 nm/s, and excitation and emission bandwidths of 5 nm. Emission spectra at room temperature (22 • C) were averaged over 10 scans with a 1.0 nm data sampling interval and voltage was set to 600 V. Protein concentrations were determined at A 280 and samples were centrifuged at 16 000 g for 5 min at 4
• C before use. All spectra were baseline-corrected and the data obtained were smoothed using the moving average smoothing function (Varian). Baker's yeast tRNA (Roche), extensively purified by phenol extraction and ethanol precipitation, was used in fluorescence quenching experiments. Protein concentrations ranging between 1.0 and 2.6 μM was placed in a 1 cm cell and titrated with increasing amounts of tRNA at room temperature. All measurements were taken at 295 nm as described above. UV-visible spectral scans (200-400 nm) were taken after each tRNA addition to take into account any inner filter effect [25] .
Enzyme activity assays
Plasmids G73 and pmBsDCCA were kindly provided by Dr Alan Weiner (Department of Biochemistry, University of Washington, Seattle, WA, U.S.A.) and digested with restriction enzymes to generate the tRNA-N, tRNA-NC and tRNA-NCC templates by run-off transcription. Each transcription reaction (100 μl) contained 1× transcription buffer (Fermentas), 500 μM ATP, CTP and UTP, 50 μM GTP, approximately 50 μCi of [α-32 P]GTP (10 μCi/μl, 3000 Ci/mmol; PerkinElmer), 13 μg of linearized DNA template, 60 units of T7 RNA polymerase (Fermentas) and nuclease-free water. Each reaction was incubated at 37
• C for 3 h, phenol-extracted, ethanol-precipitated and resuspended in 10 μl of nuclease-free distilled H 2 O (dH 2 O). To these samples, 10 μl of Peattie's loading buffer [26] was added and samples electrophoresed for 90 min on a 7 M urea and 20 % acrylamide gel. Radioactive bands were identified by autoradiography, purified [27] and resuspended in a final volume of 100-150 μl of nuclease-free distilled H 2 O. Standard enzyme assays [28] were carried out in a final volume of 10 μl of enzyme reaction mixture which contained 100 mM glycine buffer (pH 9), 10 mM MgCl 2 , 1 mM ATP, 0.4 mM CTP, 1 μl of the appropriate [α-
32 P]GTPtranscribed tRNA after gel extraction and the amount of protein as indicated. Assays were performed for the times indicated and stopped by adding 10 μl of loading buffer containing 7 M urea [26] . Enzyme kinetic assays were performed in a volume of 50 μl containing a fixed amount of [α-
32 P]GTP-transcribed tRNA-NCC template and increasing amounts (0.1-42 μM) of purified baker's yeast (Saccharomyces cerevisiae) tRNA (Roche). After addition of the appropriate amount of enzyme (5-10 ng), 10 μl aliquots of the reaction mixture were removed at 0.5, 1, 2, 5 and 10 min and placed in 10 μl of loading buffer [26] to stop the reaction. All samples were stored on ice and heated to 70
• C for 10 min before being loaded on to 7 M urea/20 % polyacrylamide gels and separated for 12-16 h at 1950 V. Transcripts were detected using the Typhoon TM TRIO Variable Mode Imager (GE Healthcare) and band intensities were measured using the ImageQuantTL 1D version 7.0 (GE Healthcare).
Analysis of in vivo localization of proteins
The isolation of Solanum lycopersicum var. Moneymaker leaf mesophyll protoplasts as well as the PEG-mediated transformation was carried out as described previously [29] . For each transformation 20 μg of plasmid DNA was used for 10 5 protoplasts. If necessary the final amount of DNA was adjusted by addition of the vector pRT-Neo which encodes neomycin phosphotransferase only. Incubation was performed in light for 15 h at 26
• C. The intracellular GFP localization was analysed using a Leica SP5 confocal laser-scanning microscope (Leica). GFP and chlorophyll were excited at 488 nm and their fluorescence emission recorded at 495-535 and 660-710 nm respectively.
Bioinformatic analysis
For the analysis of the number of paralogues the nr-database was scanned with pHMMs (partly hidden Markov models) for possible CCA-adding sequences as outlined in the Supplementary Online Data and in [30] . The assignment of Mat-Mu1 (MatMu is a mutant of the mature domain of tRNA-NT) and MatMu2 to the solved structures was guided by multiple sequence alignment and structure prediction. The procedures are given in the Supplementary Online Data and in Supplementary Figure S1 Figure S3) .
To address the hypothesis that protein stability influences intracellular distribution we analysed the structural integrity of both variants by CD spectroscopy. For the native and MatMu2 variant we observed comparable CD spectra, whereas for the Mat-Mu1 variant the CD spectrum suggested a significant reduction in secondary structure (Figure 2A) . However, the UVvisible absorption spectra of the native and Mat-Mu1 variant, but not of the Mat-Mu2 variant, showed a significant absorption at 260 nm (Supplementary Figure S4 at http://www.biochemj.org/bj/ 453/bj4530401add.htm). Given that nucleic acids and nucleotides absorb strongly at this wavelength, and that tRNAs have a positive CD signal with peak intensity at around 220 nm (Supplementary Figure S4) , we hypothesized that the native and Mat-Mu1 variants had retained E. coli RNAs and specifically tRNAs. Consistent with tRNA association with these proteins, dialysis using tubing with a 50 kDa cut-off, but not with an 8 kDa pore size, reduced the UV-visible absorbance of the Mat-Mu1 variant. Furthermore, treatment with RNaseA, followed by additional dialyses, reduced the UV-visible absorption peak at 260 nm for both proteins (Supplementary Figure S4 and Supplementary  Table S2 at http://www.biochemj.org/bj/453/bj4530401add.htm). Although the RNaseA treatment yielded an identical CD spectrum for the native enzyme both before and after treatment ( Figure 2B ), the CD spectrum for the Mat-Mu1 variant was substantially different from the CD spectrum before dialysis. After dialysis the Mat-Mu1 variant showed a CD spectrum similar to the one of the native protein and the Mat-Mu2 variant. From the analysis of the CD spectra we conclude that the variants are folded and have a primarily α-helical content as expected from the crystal structures available ( Figure 1A and Supplementary Figure S2 ), although slight variations in the CD spectra suggest that the folding is not identical. Thus the mutations introduced in Mat-Mu1 and MatMu2 did not alter the overall secondary structure of the proteins to a large extent.
Unlike Mat-Mu1 and the native enzyme, the Mat-Mu2 variant did not show a major UV-visible absorption peak at 260 nm (Supplementary Figure S4 ) which suggests that, regardless of what accounts for the difference between the native enzyme and the Mat-Mu1 variant, much less tRNA remains associated with the Mat-Mu2 variant throughout the purification protocol. To determine whether the Mat-Mu1 and Mat-Mu2 modifications would be additive, synergistic or antagonistic we generated a protein containing both modifications. This Mu1/Mu2 variant showed a CD spectrum that was intermediate to the other analysed variants ( Figure 2B ).
Fluorescence spectra (Supplementary Figure S5A at http:// www.biochemj.org/bj/453/bj4530401add.htm and Table 1 ) on the untreated samples revealed little red or blue shifting for either the Mat-Mu1 or Mat-Mu2 variant (1-4 nm), but did show a major change in fluorescence intensity (40-50 % reduction) when compared with the native enzyme. After samples had been treated to remove RNA, a slightly larger and more consistent blue shift (4-7 nm), but a lower reduction in fluorescence intensity (10-15 %) was observed for both the Mat-Mu1 and Mat-Mu2 variants. Interestingly, the Mu1/Mu2 variant showed emission maxima nearly equal to either the Mat-Mu1 or Mat-Mu2 variant at both wavelengths, and showed a small decrease in fluorescence intensity. Fluorescence intensity and wavelength maxima are defined primarily at 295 nm excitation by tryptophan and at 280 nm by both tryptophan and tyrosine. As seven out of the 11 tryptophan residues contained in the Arabidopsis tRNA-NT are between Mat-Mu1 and Mat-Mu2 (Supplementary Figure S2) these changes in fluorescence intensity may highlight changes in the structure of the tRNA-NT in this region. Moreover, there were clearly differences in these signals before and after removal of RNA (compare Supplementary Figure S5A and S5B).
Activity of tRNA-NT and its variants
To determine whether differences in the levels of tRNA associated with the native and variant enzymes reflected differences in enzyme activity, we assessed the ability of the purified enzymes to support CCA addition in vitro. As expected, the native enzyme added a complete CCA sequence to a model tRNA substrate under standard assay conditions ( Figure 3 , 100 ng of protein). Although the affinity for tRNA of the Mat-Mu2 variant appeared to be reduced (Supplementary Figures S4 and S5 ), we observed that this enzyme also adds a complete CCA sequence ( Figure 3 , 100 ng). In contrast, the Mat-Mu1 variant and the Mat-Mu1/Mu2 variant Table 1 
F (excitation at 295 nm) F (excitation at 280 nm) The proteins indicated were incubated as described with a tRNA substrate for the times indicated. The amounts of enzyme used in the assays are indicated to the right of each assay. The reaction products were separated by electrophoresis on 7 M urea/20 % polyacrylamide gels and visualized using the Typhoon TM TRIO Variable Mode Imager. The migration of different modification states is shown on the left. P is the active enzyme positive control (tRNA with a complete CCA sequence), N is the boiled enzyme negative control (original tRNA template lacking the CCA sequence) and L represents a ladder containing tRNA products ending at N, NC, NCC and NCCA.
showed a complete loss of activity ( To further explore how the Mat-Mu1 and Mat-Mu2 variations affected tRNA binding, we determined tRNA binding constants for the native and variant enzymes by analysing the quenching of the intrinsic tryptophan fluorescence (Supplementary Figure S6 at http://www.biochemj.org/bj/453/bj4530401add.htm) as we had done previously for yeast tRNA-NT [25] . We found a dissociation constant of approximately 0.6 μM for both the native and MatMu1 variant proteins, indicating that the alteration of amino acids in Mat-Mu1 does not change the ability of the protein to bind tRNA (Table 1) . This dissociation constant is in good agreement with the values (0.6-16 μM for various tRNA substrates) reported previously for class II [31] and class I [32] tRNA-NTs. The dissociation constant (1.8 μM) of the Mat-Mu2 variant is also well within this range, but approximately 3-fold higher than that of the native and Mat-Mu1 variant. Although small, this increased dissociation constant is consistent with our observation that the amount of tRNA that remains associated with the Mat-Mu2 variant is less than the amounts detected for the native and MatMu1 proteins during the purification procedure ( Supplementary  Figures S4 and S5 ). Clearly though, the tRNA association with the enzyme does not directly define enzyme activity as the Mat-Mu1 variant shows a similar association constant to that of the native enzyme but no activity, whereas the Mat-Mu2 variant shows an increased association constant and retains activity (Figure 3) .
To more precisely link tRNA binding to enzyme activity we used a substrate mixture comprised of a radiolabelled tRNA template lacking the terminal AMP residue and yeast tRNAs to measure kinetic parameters for Arabidopsis tRNA-NT. In agreement with the activity assays (Figure 3) , the Mat-Mu1 variant showed no activity under the assay conditions used in the present study. In contrast, the Mat-Mu2 variant and the native enzyme showed almost identical apparent K m values of approximately 12 μM (Table 1 and Supplementary Figure S7 at http://www. biochemj.org/bj/453/bj4530401add.htm). It is important to note that although both the association constants and the kinetic parameters were calculated using a mixture of tRNAs (ending at the discriminator base, the first CMP, the second CMP or the terminal AMP), the apparent kinetic parameters were based on addition of AMP to a template lacking only the terminal AMP, so differences observed for the determination of the K d and K m may simply reflect this difference in template. As noted above (Figure 3) , the Mat-Mu2 variant was somewhat less active than the native enzyme. This is consistent with a 2-fold lower apparent k cat for the Mat-Mu2 variant as compared with the native enzyme although the apparent K m values of these two enzymes were identical (Table 1 and Supplementary Figure S7) . Taken together, all of these data indicate that tRNA binding (as measured by K d or co-purification with enzyme) is not strictly correlated with enzyme activity.
To further address the role of Mat-Mu2 in enzyme activity, we generated and purified a variant of the tRNA-NT lacking the last nine amino acids (Mat-2, Figure 1B ). This variant showed a reduced rate of CCA addition in vitro when compared with the native enzyme or the Mat-Mu2 variant ( Figure 3 , 20 ng of protein) with apparent k cat values reduced to 71 and 32 % (Table 1) respectively. As with the Mat-Mu2 variant, we saw a 3-fold change in the association constant as compared with the native enzyme, but in this case the change reflected a reduced K d for the variant enzyme (Supplementary Figure S6 and Table 1 ) such that the difference in association constants between the MatMu2 variant and the Mat-2 variant was approximately 10-fold (Table 1) . Intriguingly, this difference in association constants is not reflected in differences in apparent K m values as the apparent K m values for all three enzymes are within experimental error.
To assess whether in vitro tRNA-NT activities reflect in vivo activities, we analysed whether tRNA-NT-GFP gene constructs could complement a null mutation in S. cerevisiae. Native and mutant gene fusions, encoding tRNA-NT proteins with all three methionine residues [M(1,2,3)] or only the third methionine residue [M(3)] and a C-terminal fused GFP, inserted downstream of the TDH3 promoter in a high-copy HIS3-bearing plasmid, were introduced into a haploid strain (cca1::TRP1) carrying plasmid-borne yeast CCA1 and URA3 genes. Following selection of Ura + His + transformants, 5-FOA (5-fluoroorotic acid) was used to select for loss of the URA3-CCA1-bearing plasmid and to assess whether variant alleles supported growth. As shown previously for the native enzyme [17] , the M(3)-tRNA-NT-GFP construct allowed growth on glucose (Table 2 and Supplementary Figure S8 at http://www.biochemj.org/bj/453/bj4530401add. htm), confirming the functionality of the fusion protein in vivo. For M (1,2,3 )-tRNA-NT-GFP we observed growth on fermentable (glucose) and non-fermentable (glycerol) carbon sources, indicating that the fusion protein was successfully imported into yeast mitochondria to facilitate mitochondrial protein synthesis, consistent with earlier results for other plant proteins [33, 34] . The Mat-Mu2 variants of M(3)-tRNA-NT-GFP and M (1,2,3 )-tRNA-NT-GFP behaved like the native enzyme, whereas the Mat-Mu1 variants were unable to grow on either glucose or glycerol, supporting the lack of enzyme activity observed in vitro. 
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Figure 4 Thermal unfolding of the native and variant tRNA-NT
The CD spectra at 20 and 90 • C of (A) native tRNA-NT, (B) Mat-Mu1 variant, (C) Mat-Mu2 variant and (D) Mu1/Mu2 variant. The right-hand panels show secondary structure content in relation to the temperature by measuring the CD signal at 222 nm for each protein shown in the left-hand panel. The black lines represent the least-square fit result for a thermal transition using a two-state equation as described in [50] . For native enzyme, the behaviour was described with two coupled two-state equations. The results are listed in Table 1 .
The structural stability of native and variant tRNA-NTs
Next we explored whether the enzyme activity or the ability to associate with tRNA is related to protein stability. Following the CD signal at 222 nm as an indication of α-helicity we observed a three-state equilibrium for the native enzyme with transition temperatures at 316 K and 355 K respectively. The first transition represents a small change of the secondary structure content, whereas the second transition reflects a full loss of secondary structure. From the unfolding trace we can conclude that the intermediate state is rather stable (Figure 4 ). The value found for the first transition is consistent with the one reported for the yeast tRNA-NT [25] .
For the variants we observed a two-state transition only ( Figures 4B-4D ). The transition temperature found is in the range of the first transition observed for the native protein (Table 1) . Remarkably, the transition temperature for the Mat-Mu1 variant was shifted by approximately − 10 K and for the Mu1/Mu2 variant by approximately − 4 K. In contrast, for the Mat-Mu2 variant the transition temperature was slightly increased ( + 3 K). However, for all variants the energy required for the first unfolding was lower than that of the native protein and, as expected, the unfolding process required less energy than observed for the complete unfolding of the native enzyme ( Table 1 ).
The cellular distribution of native and variant tRNA-NTs
To see whether the differences in stability affected protein distribution, we assessed the intracellular localization of Cterminal GFP fusions of proteins containing all three methionine residues [M (1,2,3) ], only the first and the third methionine residues [M (1,3) ], or the second and third methionine residues [M(2,3)]. As a control, we produced the mature protein with only the third methionine residue [M(3)]. We transformed these constructs into tomato protoplasts as described in the Materials and methods section. Distribution was quantified in at least three independent experiments for each protein. Chloroplast localization was identified by overlay with chlorophyll fluorescence, mitochondrial localization was confirmed by Mitotracker TM staining, and nuclear localization was confirmed by DAPI staining (exemplified in Figure 5 ). When the GFP fluorescence did not overlay discretely with any of the known cellular structures the localization was annotated as cytosolic. With this system we can determine the distribution of the proteins in vivo and express the frequency of occurrence for a certain localization for each fusion protein in the percentage of protoplasts in which this case was observed (Table 3 ) [17] . To ensure that we were studying the localization of the intact fusion proteins, protein from each batch of protoplasts was assayed with anti-GFP antibodies in order to prove protein stability and visualize potential breakdown products of the GFP fusion proteins (Supplementary Figure S9 at http://www.biochemj.org/bj/453/ bj4530401add.htm).
When the protein lacking the first two methionine residues [M(3)] was used, the majority of the GFP fluorescence was found in the nucleus co-localizing with the DAPI fluorescence ( Figure 5 , top row). The M(2,3)-tRNA-NT-Mat-Mu1-GFP and M(1,2,3)-tRNA-NT-Mat-Mu1-GFP constructs showed co-localization with chlorophyll fluorescence, indicating that these proteins were directed to plastids (second and third rows respectively). In addition, the M (1,2,3 )-tRNA-NT-Mat-Mu1-GFP also was targeted to mitochondria, as confirmed by Mitotracker TM staining (third row). The M(2,3)-tRNA-NT-Mat-Mu2-GFP constructs showed a clear localization in the cytosol, but also a colocalization with chlorophyll fluorescence, indicating that these proteins were directed to plastids (bottom row).
Any native protein containing its N-terminal extension, regardless of whether the first, the second or both the first and second methionine residues were present, showed a GFP signal consistent with mitochondrial localization in almost every case (Table 3) . We also noted that, consistent with earlier results in non-green tissue [17] , the number of protoplasts showing chloroplast localization increased when the first methionine residue was not present in the construct. Furthermore, for the native protein containing its N-terminal extension we did not observe a significant population of protoplasts with nuclear or cytosolic GFP fluorescence. Table 3 is given on the right. The expression control is shown in Supplementary Figure S8 (at http://www.biochemj.org/bj/453/bj4530401add.htm).
Table 3 Localization of tRNA-NT in protoplasts
The numbers give the percentage of protoplasts where a given localization was observed. The values have been calculated from at least 80 different protoplasts from at least three independent experiments. The quantification was performed before assigning the results to the samples to avoid any bias. Analysis of either variant of the mature domain revealed a shift towards chloroplast localization such that most of the protoplasts showed GFP fluorescence co-localizing with chlorophyll fluorescence. In addition, we noted that few protoplasts showed GFP fluorescence co-localizing with Mitotracker TM fluorescence. This again parallels with the results for Mat-Mu1 in non-green tissue [17] . In contrast with the earlier results for M(2,3)-tRNA-Mat-Mu1-GFP, we saw a significant portion of the GFP fluorescence in the nucleus ( Figure 5 and Table 3 ). When the mature domain contained the Mat-Mu2 mutation, we observed chloroplast localization for each construct, but almost no mitochondrial or nuclear localization (Table 3) . In contrast, when the first methionine residue was missing we observed a cytosolic distribution of the protein in all cells with a small number of protoplasts with GFP localization in chloroplasts.
Guidance of different marker proteins by the signal of the tRNA-NT
The difference in the distribution of the precursor proteins resulting from the changes in the mature domain might suggest that the stability of the precursor protein modifies its intracellular localization. To test this we used two defined cargo proteins, namely GFP and Titin-I27 (Titin hereafter). Titin has been shown Titin-GFP 100 5 35 100
Figure 6 In vivo localization of Titin-GFP defined by the tRNA-NT signal
Different constructs were generated for expression in tomato protoplasts (Table 4) to be folded in the context of a precursor protein and modifies the transport efficiency of short signals, whereas GFP does not affect protein translocation [23, 24] . When three different N-terminal targeting signals, M(1), M(1,2) or M(2), were fused to GFP, we always observed a co-localization of GFP with chloroplasts (Table 4) , which is consistent with previous results [17] . However, we also found for all constructs a large portion of protoplasts with mitochondrial localization of GFP (Table 4) , which was not seen for M(2)-GFP in onion bulb scales [17] . Similarly, we observed a localization of M(1)-GFP and M(2)-GFP to the nucleus (30 % of all protoplasts) and a cytosolic localization of M(2)-GFP (45 % of all protoplasts), which was not observed previously [17] . The import of the precursor proteins with Titin-GFP instead of the mature domain ( Figure 6 and Table 5 ) revealed a remarkable difference to the results obtained with GFP alone as the cargo protein. For all constructs, a chloroplast, but not a mitochondrial, localization of the GFP fluorescence signal was observed. Only for the M(1)-Titin-GFP construct did we observe any appreciable (25 % of all protoplasts) mitochondrial localization. Remarkably, the number of protoplasts showing nuclear localization for the M(1)-or the M(2)-guided artificial precursor was increased, and the cytosolic localization in the case of the M(2)-containing precursor was greatly increased.
DISCUSSION
Functional relevance of the body and tail domain
The sequence of the head and neck region of class II tRNA-NTs shows high sequence similarity and five conserved motifs ( Figure 1 and Supplementary Figure S2) , which contain catalytically important residues. In contrast, the body and tail regions show limited sequence similarity, but the available crystal structures suggest a conserved fold of α-helical secondary structure [4] . The modifications introduced into the body (MatMu1) and tail (Mat-Mu2) domains are well separated from the described catalytic residues. While the body domain interacts with the T C loop and acceptor stems of tRNAs [35] , the tail domain is involved in interacting with the T C loop of tRNAs [35, 36] . Because tRNA-NTs recognize diverse tRNAs, these interactions are primarily through the sugar-phosphate backbone of the tRNA rather than through base-specific interactions [35, 36] . Once a tRNA has been bound at the active site, these interactions may function as an anchor and prevent the RNA from dislodging from the enzyme surface during CCA addition. We were drawn to the Mat-Mu1 and Mat-Mu2 sequences for mutagenesis as both sequence stretches are rich in positively charged amino acids, (i) a feature of many nuclear targeting signals [37] and (ii) likely targets for interaction with the sugar-phosphate backbone of the tRNA during tRNA binding [35] . By converting the positively charged residues in these regions of the protein into negatively charged residues, we hoped to abolish any electrostatic interactions important to the function of these regions of the protein while maintaining the hydrogen-bonding potential which would allow these regions of the protein to remain surface-exposed.
Indeed, the two mutations altered the tRNA-binding behaviour. The Mat-Mu1 and the native protein were isolated from E. coli associated with RNA, whereas Mat-Mu2 did not show an association, suggesting a higher release rate for this variant (Figure 2 and Supplementary Figure S4) . On the basis of the ratio of absorbance at 260 nm to absorbance at 280 nm (Supplementary  Table S2 ), the Mat-Mu1 variant and the native protein have approximately the same amount of tRNA associated. RNA removal resulted in a massive CD signal alteration for Mat-Mu1, but not for the native enzyme (Figure 2) . The CD signal of the Mat-Mu1 shows an approximately 3-fold increase in the absolute value of θ m.r.w. at 222 nm after removal of the RNA (Figure 2 ). This suggests that the interaction of the Mat-Mu1 variant with tRNA either alters the structure of the protein or follows a different mode of interaction or that the association of RNA molecules differs between the two proteins.
A different mode of interaction would be consistent both with the observation that the RNA molecule can be removed by dialysis from Mat-Mu1, but not from the native enzyme, and that there is a more dramatic alteration of the fluorescence of the native tRNA-NT by removal of the RNA molecules (Table 1 ). This latter observation supports the idea that fluorescence emission spectra generally reflect changes of the local environments of tryptophan and tyrosine residues in a protein [38] . It further suggests that the Mat-Mu1 mutations change the organization of the protein in regions where the tryptophan residues are found, such that RNA molecules are more exposed on the surface of the MatMu1 variant. Mat-Mu1 is positioned in a predicted helix-loop region located in space close to the tRNA substrate (dark blue area in Figure 1 ) and near the beginning of the body domain of the protein ( Figure 1A and Supplementary Figure S2 ) which is thought to be involved primarily in tRNA binding and anchoring [35, 36] . Importantly, the portion of the A. thaliana tRNA-NT that is altered to generate Mat-Mu1 appears to form an additional loop in the A. thaliana protein which is not present in any structurally characterized tRNA-NT. Therefore it is difficult to directly correlate changes in this region with any of the known structures; however, it is possible that the Mat-Mu1 changes could extend the predicted helix in this region towards the tRNA substrate, either changing the orientation of regions of the protein responsible for tRNA binding or excluding tRNA from the active site. Either of these possibilities could result in a change of the position of the bound tRNA such that it is not tightly bound at the active site and remains accessible to be dialysed away. This latter observation is consistent with the loss of function of the Mat-Mu1 variant both in vivo and in vitro (Table 2, Figure 3 , and Supplementary Figures S7 and S8) . That tRNA can still be bound to the Mat-Mu1 variant at the body and tail domains is supported by the co-purification of tRNA with the Mat-Mu1 variant and with the similar dissociation constants of the native and MatMu1 variant proteins (Table 2) .
Unlike the Mat-Mu1 variant, the Mat-Mu2 variant shows a CD spectrum similar to native tRNA-NT and a more reduced fluorescence emission maximum compared with the native enzyme after RNaseA treatment (Figure 2 , Supplementary Figure  S5B and Table 1 ). This suggests that Mat-Mu2 also changes the structural composition of the protein, but in a different way than Mat-Mu1. Given the low degree of sequence similarity in this region of the protein and the fact that in most available crystal structures (e.g. [39] ) this region, although present in the construct analysed, has not been solved, it is difficult to precisely define a specific role for Mat-Mu2.
Even though there is no solved tail domain with tRNA complexed to the protein, there is other experimental evidence that can be used to interpret our observations. For example: (i) in vitro studies have shown that the specificities of bacterial poly(A) polymerase and tRNA-NT can be altered by switching their Cterminal regions [4] ; (ii) the C-terminal sequences can block entry of tRNAs lacking a CC sequence into an enzyme that catalyses only addition of A [40] ; (iii) the Drosophila melanogaster tRNA-NT lacking its last 124 amino acids still retains some activity [41] , suggesting that the tail portion of the protein carries out its functions without interacting directly with another region of the protein; and (iv) in the present study, we show that altering the C-terminus of tRNA-NT by adding GFP does not inactivate the enzyme in vivo (Table 2 and Supplementary Figure S8) . Taken together these data suggest that the C-terminal region appears to define specificity, but plays no direct role in catalysis. However, our results from introducing mutations to modify or delete the C-terminal nine amino acids show that modifying this region of the protein does reduce enzyme activity to some degree ( Figure 3 and Table 1 ). This indicates that the tail domain may play some role in enzyme function (Table 1 ). If we consider that these Cterminal nine amino acids are exposed on the surface of the protein they may represent one, of perhaps many, early interaction sites for tRNA. After binding to this site the tRNA then may be subsequently moved into the body region of the protein such that it is ultimately displayed appropriately at the active site. This hypothesis would explain why there are fewer tRNAs associated with the Mat-Mu2 or Mat-2 variants during purification, and would be consistent with the increased dissociation constant of Mat-Mu2 for tRNA (Table 1, and Supplementary Figure S6 and  Supplementary Table S2 ). Replacing a positively charged region of the protein with a negatively charged region would reduce the ability of that portion of the protein to bind to tRNAs. Although it might be argued that the change in K d is not biologically relevant as the K m values for the native protein and the Mat-Mu2 variant remain the same (Table 1 and Supplementary Figure S7) , which holds true for Mat-2 as well (Table 1 and Supplementary Figure  S6) , it is interesting to note that the K d values for the Mat-Mu2 and Mat-2 variants differ by approximately 10-fold (Supplementary Figure S6 and Table 1 ). This suggests that the mutation and deletion of this region of the tRNA-NT affects tRNA binding differently. In addition, although our in vitro ( Figure 3 ) and in vivo (Supplementary Figure S8 and Table 2 ) studies suggest that this region of the protein can be modified such that the enzyme retains activity, they also indicate that altering the C-terminal nine amino acids does reduce activity (Table 1) . So while this region may represent an initial interaction site, it also appears to affect the enzymatic process.
The proposed structural variations are further consistent with the thermostabilities of the tRNA-NT variants ( Figure 4 and Table 1 ). For the native enzyme we observed a two-step unfolding at 43 and 82
• C respectively, suggesting that the first event is an unfolding to a molten globule state with larger β-structure content [42] , whereas the second event represents the complete unfolding of the protein. For the mutants, although the transition to the molten globule state was observed, we never witnessed the fully unfolded state. The transition of the Mat-Mu1 variant to the molten globule state occurs at a lower temperature than seen for the native enzyme, whereas it was observed at a slightly higher temperature for the Mat-Mu2 variant. However, the alteration of the molten globule state characterized by helical content is consistent with the positioning of Mat-Mu1 and Mat-Mu2 in the C-terminal region of the protein with primarily α-helical structure ( Figure 1A) .
Interestingly, the structural effects of the two mutations are not additive. On the one hand, the wavelength of fluorescence maximum is similar to the one observed for the Mat-Mu2 variant (Table 1) and, after treatment, the Mat-Mu1/Mu2 variant shows a CD spectrum comparable with that of the other variants (Figure 2 ).
On the other hand, the reduction in the fluorescence intensity of the Mat-Mu1/Mu2 variant by RNaseA treatment is comparable with that of the native enzyme. This restoration of fluorescence may represent a more 'native' folding pattern in the presence of RNA. Furthermore, the Mat-Mu1/Mu2 variant showed an intermediate melting temperature for the molten globule state, suggesting an additive affect from the individual changes. How the two mutations restore this fluorescence intensity in the presence of tRNA is unclear.
The import model for the tRNA-NT
In the present study we analysed the localization of tRNA-NT variants in a tomato leaf mesophyll protoplast system, complementing the results presented in previous studies using onion bulb scales [17] . Such complementary analysis is important because chloroplast-containing tissues have the advantage that plastid localization of GFP fusion proteins can be unambiguously shown, using the chlorophyll autofluorescence as a plastidic marker. This alleviates any problems associated with misleading interpretation of the localization due to problems in distinguishing between mitochondrial and proplastid localization in the onion bulb system [43] . Furthermore, recent results indicate that dual localization of proteins can in some cases be tissue-dependent [44] . The in vivo localization experiments reported in the present paper further document that the cellular distribution of the tRNA-NT is dependent on the N-terminal signal sequence as well as on the mature domain ( Figure 5 ) [17] , regardless of the tissue type used. The first five amino acids of the N-terminal signal sequence appear to be required for efficient translocation into mitochondria since variants lacking the first start codon show less mitochondrial import (Table 3 ). This effect is again reflected by the fusions between the signal sequences and GFP or Titin-GFP [compare M(1,2) and M(1) with M(2) in Table 4 ]. This observation is consistent with the data for the dual-targeted zinc metalloprotease, Zn-MP, and the dual-targeted mitochondrial processing peptidase subunit α (MPP2), for which the domain at the very N-terminus of the signal sequence was shown to be required for mitochondrial targeting [45] . Thus it appears to be a general scheme that the N-terminus of the signal of dual-targeted proteins is a determinant for mitochondrial localization.
Interestingly, either mutation in the mature domain reduces the localization to mitochondria and in turn enhances the translocation into chloroplasts (Table 3) . Only the M(2)-tRNA-NT-Mat-Mu2-GFP construct showed a reduced organellar localization in general accompanied by a shift towards a cytosolic localization (Table 3) . Correlating these results with the data from the thermal unfolding experiments suggests that the folding state of the mature protein has a regulatory function in the distribution of the tRNA-NT. In contrast with the native domain, the variant domains unfold to the molten globule state such that the β-strand portion of the N-terminus plays a more significant role in maintaining protein structure. This suggests a connection between the stability of the N-terminal portion of the protein and the reduced mitochondrial import of these variants. Consistent with this notion, the signals fused to GFP are able to drive translocation into mitochondria, whereas the fusion with the more tightly folded Titin shifts distribution to chloroplasts (Table 4) .
How can this observation be translated into a functional mode of preprotein translocation? The molten globule state has a significant enrichment in β-sheet content (Figure 4 ) and β-strands are located in the N-terminal region of the tRNA-NT (Figure 1 ). Thus it is likely that the mutations at the C-terminus stabilize the N-terminal domain by an as yet unknown mechanism. This stabilization interferes with mitochondrial translocation, which is comparable with the impaired mitochondrial import of the dualtargeted yeast fumarase after cytosolic folding, for which a cotranslational mode was concluded [46] . The results of the present study suggest a similar model in which tRNA-NT is imported into mitochondria prior to folding, either in a co-translational mechanism or post-translationally in association with targeting factors that keep the protein unfolded. Folding in the cytosol blocks mitochondrial import and redirects the protein to the nucleus or chloroplasts. Nuclear import is generally achieved in a folded state [47] , whereas the translocon of the chloroplast was shown to provide a strong mechanical pulling force sufficient to translocate the tightly folded Titin I27 domain [24] . The signal sequence of the tRNA-NT is most probably exposed even in the correctly folded state of the mature domain (Figure 1 ), which provides another hint that the protein can be imported into chloroplasts after cytosolic folding. This hypothesis would also explain the necessity of the very N-terminus of the signal sequence for efficient translocation into mitochondria. In this scheme, the mitochondrial targeting factors have to be recruited to the nascent precursor chain at an early state of translation in order to target the translating ribosome to mitochondria and/or to prevent folding in the cytosol.
This hypothesis is consistent with the mitochondrial import of the GFP marker protein and the rejection of the fast and tightly folding Titin-GFP domain ( Figure 6 and Table 4 ). In contrast, import into chloroplasts was not affected by the nature of the mature domain (Table 4 ). This shows that the signal sequence alone is not sufficient for import into mitochondria and that the folding state of the domain following the signal drastically influences the localization of the protein. The signal for nuclear localization is conferred by characteristics of the mature domain since the fusion construct between GFP and the mature domain that lacked an N-terminal targeting signal was mainly found in the nucleus [ Figure 5 , M(3)-tRNA-NT-GFP]. Increased nuclear localization of the fusion constructs between the signal sequences and GFP or Titin-GFP (Table 4) is most probably the result of passive diffusion into the nucleus, as the size of both of these fusion proteins is below the selection cut-off for nuclear entry. Even strictly plastidic transit peptides fused to Titin-GFP are found in the nucleus when chloroplast import is impaired [17, 48] .
Conclusions
We have shown that Mat-Mu1 and Mat-Mu2 alter the structure and activity of Arabidopsis tRNA-NT, although in different ways. Mat-Mu1 eliminates enzyme activity and alters how the tRNA is associated with the protein. In contrast, Mat-Mu2 retains enzyme activity and tRNA binding. In addition, the results of the present study suggest that the translocation mode between mitochondria and chloroplasts might be different. Here, the translocation into mitochondria requires largely unfolded proteins, whereas the preprotein can be folded before translocation into chloroplasts. This mechanism of dual targeting of tRNA-NT appears to be conserved in plants because for all of the plant genomes analysed only one gene coding for tRNA-NT was identified ( Table 5 ). The second isoform found in A. lyrata (gi|297813035) is lacking a major portion of its C-terminal region and thus most probably does not represent a functional equivalent of the tRNA-NT. The concept proposed in the present study for translocation might even hold true for most of the other phylogenetic clades as multiple genes are only found in stramenopiles containing complex plastids. These plastids have a translocation path remarkably different from those of normal plastids [49] . Thus we propose that tRNA-NT, like fumarase, may represent a protein which requires coupling between translation and translocation for efficient import into mitochondria.
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FUNDING
Figure S1 CLANS analysis of the identified tRNA-NT
The data to date have suggested that in fungi, mammals or plants there is a single gene coding for tRNA-NT [13] [14] [15] . To confirm this notion, the massive data set of available genome sequences was examined. A database with all eukaryotic class II tRNA-NTs was generated from the nr-database, which includes tRNA-NTs and poly(A) polymerases from bacteria [16] . In addition to existing pHMMs from the PFAM database, pHMMs based on alignments of the neck and the body/tail domains were created to enhance the sensitivity for eukaryotic sequences. Using these pHMMs 435 eukaryotic sequences, which match at least two profiles of different domains, were detected. With a clustering based on sequence similarity, 49 sequences, which belong to one cluster and share a high-sequence similarity with an experimentally proven poly(A) polymerase of A. thaliana [17] , were excluded from the dataset, leaving 386 eukaryotic tRNA-NTs, which are shown as a CLANS representation. Subsequently, all sequences obtained from organisms whose entire genome sequences are not deposited in the NCBI genome database were removed to be certain that all paralogues of a species were included. In most species of Viridiplantae, metazoa and fungi only one paralogue was found (Table 5 of the main text). For exceptional cases, more detailed analysis was performed. Remarkably, among fungi five different organisms have two paralogues, namely Schizosaccharomyces japonicas, Schizosaccharomyces pombe, Penicillium marneffei, Fusarium oxysporum and Aspergillus nidulans. The same is true for the Amoebozoa Dictyostelium discoideum and the Metazoa Heterocephalus glaber. Interestingly, both stramenopiles Phaeodactylum tricornutum and Thalassiosira pseudonana, contain two different predicted tRNA-NTs. However, to the best of our knowledge no activity has been demonstrated for any of these paralogues. For the first five hits the following details are given: PDB code of the structure, the organism the enzyme was originated from, the rank and the corresponding scores. Folding as targeting determinant of the tRNA-NT Figure S2 Secondary structure prediction of the Arabidopsis tRNA-NT (A) The structures of Thermotoga maritime [18] , Geobacillus stearothermophilus [19] and Aquifex aeolicus [20] are shown and the sequence parts which align to the Mat-Mu1 and Mat-Mu2 sequence of A. thaliana are indicated (dark blue). The regions corresponding to the Pfam pHMMs are shown in colours [red, PolyA_pol (PF01743); yellow, polyA_polRNAbd (PF12627); and blue, RNA_NucTran2_2 (PF01966)/HD (PF13735)]. Additionally the structural alignment generated with Sheba [21] is shown (upper right), visualizing that the conformational space of the body and tail domain is larger in the crystal than for the head and neck domain. The three structures were chosen based on the fold recognition results presented in Table S3 . (B) Pairwise alignment generated by the HHpred server for atCCA and the corresponding hits. Positions which do not occur in our MSA are coloured grey, and positions supported by our MSA are coloured black. Motifs A-E [18] are boxed and labelled; absolutely conserved residues are printed in bold and the colour code used is as in (A). An S. cerevisiae strain bearing a null mutation in the chromosomal CCA1 gene and plasmid-borne CCA1 and URA3 genes was transformed with the HIS3-bearing G131-2 plasmid alone or G131-2 derivatives expressing Arabidopsis tRNA-NT-GFP native or variant fusions under the control of the TDH3 promoter. To accomplish loss of the URA3-CCA1 bearing plasmid, two independent His + Ura + transformants were patched on SC-ura-his medium, replica-plated to YPD (glucose) medium, incubated for 24 h, and replica-plated to medium with or without FOA. The ability of FOA-resistant yeast to grow on different carbon sources was tested by subsequently replica-plating to YPD (glucose) or YPG (glycerol) medium.
